Abstract. The aim of the study was to characterize the platelet count (PLT) dynamics in peritoneal carcinomatosis patients treated with cytoreductive surgery (CRS) and hyperthermic intraperitoneal oxaliplatin (HIO). Data from patients treated with CRS alone (N=18) or CRS and HIO (N=62) were used to estimate the baseline platelet count (PLT 0 ), rate constants for platelet maturation (k tr ) and platelet random destruction (k s ), feedback on progenitor cell proliferation (γ), and the drug-specific model parameters (α, β). Plasma oxaliplatin concentrations, C p , reduced the proliferation rate of progenitor cells (k prol ) according to a power function α×C p β . The surgery effect on k prol and k s was explored. The typical values (between subject variability) of the PLT 0 , k tr , k s , γ, α, and β were estimated to be 237×10 9 cells/L (32.9%), 7.09×10 −3 h The model developed suggests that, following CRS and HIO, thrombocytopenia and thrombocytosis were reversible and short-lasting; the severity of the thrombocytopenia and thrombocytosis was inversely correlated, with splenectomized patients having thrombocytopenia of lower severity and thrombocytosis of higher severity; and the HIO dose and treatment duration determine the severity and duration of the thrombocytopenia. Higher HIO dose or longer treatment duration could be used without substantially increasing the risk of major hematological toxicity.
INTRODUCTION
Peritoneal carcinomatosis (PC) is an abdominal dissemination of malignant gastrointestinal and gynecological tumors, with or without evidence of metastatic systemic disease, which results in poor prognosis (1) . The combination of cytoreductive surgery (CRS) and hyperthermic intraperitoneal oxaliplatin (HIO) is a promising strategy for PC treatment (2) since retrospective and prospective analyses, including phase II and phase III clinical trials, as well as meta-analysis, have evidenced its survival benefit, relative to standard palliative surgery and/or chemotherapy (SPSC), in patients with resectable PC of colorectal origin (3, 4) . The efficacy of this innovative treatment has also been reported in phase II studies in ovarian cancer (5, 6) and in phase III studies in gastric cancer (7, 8) . These results encourage the clinical application of this aggressive treatment, particularly in conditions such as PC of nongynecologic origin, where the long-term survival is hardly ever seen after SPSC (9, 10) .
Oxaliplatin is one of the most commonly used drugs in hyperthermic intraperitoneal chemotherapy because it has the ability to act at any stage of malignant cell replication (11) , its intra-tumoral penetration is optimal (12) , and its cytotoxicity is substantially improved by hyperthermia (13) . Several phase I dose-escalation studies in PC patients treated with CRS have characterized the HIO pharmacokinetics in both the peritoneum and plasma (14) (15) (16) . Following 460 mg/m 2 dosing, the maximum HIO concentration (C max ) in the peritoneum (330 mg/L) (16) was 130-fold higher than plasma C max (2.59 mg/L) after intravenous (IV) administration of 130 mg/m 2 (17) , indicating that, relative to IV dosing, HIO administration after CRS delivers a higher peritoneal oxaliplatin exposure with a minimum access to the systemic circulation, that limits the hematological toxicities, such as thrombocytopenia and neutropenia, which are the oxaliplatin dose-limiting toxicities after IV dosing (18) . In a previous pharmacokinetic and pharmacodynamic (PK/PD) analysis, we characterized the immediate neutrophilia response induced by CRS and the HIO-induced myelosuppression (19) . In the current manuscript, we aimed to describe the platelet dynamics in PC patients treated with CRS and HIO.
Platelets play a pivotal role in hemostasis after surgery (20) . After HIO, platelet counts decline due to a myelosuppressive effect of the chemotherapy in the bone marrow, which may increase the bleeding risk, the platelet transfusions, the duration of hospitalization, and the postsurgical mortality (9, 10, 12, 21) . Several days after a major surgery, a thrombocytosis, especially in patients with splenectomy, has been reported (22, 23) as part of the natural defense mechanism to ensure adequate clot formation for preventing fatal bleeding (24) . Understanding the sequence and the magnitude of these pathophysiological processes becomes critical to define the optimal HIO dosing, in particular because the thrombocytosis may partially compensate thrombocytopenia induced by CRS and HIO (25) . In this context, PK/PD models that characterize the platelet dynamics and predict the severity and the duration of the thrombocytopenia and/or thrombocytosis might be of particular clinical value in PC patients after CRS and HIO. Up to date, the effect of HIO pharmacokinetics, surgical stress response, and splenectomy on the platelet dynamics has not been characterized yet. Thus, in the current study, a previous cytokinetic model has been adapted to characterize the platelet dynamics after CRS and HIO, to evaluate the relationships between patient covariates and oxaliplatin PK/PD model parameters, and to explore the maximum tolerated HIO dose in this setting.
PATIENTS AND METHODS
Patients, Treatment, and Blood Sampling. Data from three single-arm observational studies, involving a total of 80 patients with PC, were available for the analysis. Fortyone (51.2%) patients were treated with CRS followed by HIO diluted in isotonic 4% icodextrin (cohort A), 21 (26.3%) patients underwent CRS followed by HIO diluted in isotonic 5% dextrose (Cohort B), and 18 (22.5%) patients underwent CRS but did not receive HIO (cohort C). The details of the patient's eligibility criteria, CRS procedure, HIO treatment, study conduct, and descriptive statistics of the baseline patient characteristics have been extensively described elsewhere (15, 19, 26) . The oxaliplatin pharmacokinetics following HIO administration have been characterized in patients from cohorts A and B as described elsewhere (15, 19, 27) . Blood samples for the determination of platelet counts were collected before the CRS and, afterwards, daily until patient completely recovered from the hematological toxicity. Platelet counts were determined using an automated hematology analyzer (Beckman Coulter, Inc. AcT5diff AL, Fullerton, CA, USA).
Software. Non-linear mixed-effects modeling using the first-order conditional estimation (FOCE) method implemented in NONMEM version 7.1.2 software package (ICON Development, Hanover, MD, USA) (28) was employed to conduct the model-based analysis and simulations. Compilations were achieved using gfortran compiler 4.6.2, for Windows 8.1 64 bits. PsN 3.4.2 was used to conduct a stratified non-parametric bootstrap. Graphical and other statistical analyses were performed using S-Plus 6.1 Professional Edition (Insightful Corporation, Seattle, WA, USA).
Pharmacokinetic and Pharmacodynamic Model
Development. The schematic of the PK/PD model used to describe the dynamics of platelet counts (Fig. 1) represents a modification of the cytokinetic model proposed by Harker et al. (29) The model consisted of a precursor compartment [Prol] that represents the megakaryocyte pool, including proliferative-potential megakaryocytes, burst-forming-unit megakaryocytes, colony-forming-unit megakaryocytes, promegakaryoblasts, megakaryoblasts, mature megakaryocytes, and a platelet compartment [PLT] representing the platelets in the peripheral circulation. Consistent with the mechanism of self-renewal or mitosis, the generation of new cells in [Prol] was dependent on the number of cells in that compartment and characterized by the first-order proliferation rate constant (k prol ), which determines the rate of cell division, together with the feedback mechanism from the circulating platelets. A feedback loop on the proliferation process was required to describe the rebound of platelets compared to its baseline value (PLT 0 ) and was incorporated into the model as (PLT 0 /PLT) γ , where γ was the estimated parameter reflecting the increase in self-replication rate due to elevated endogenous thrombopoietin (TPO) concentrations, which are associated with platelet depletion (30) . The differential equation describing the time course of megakaryocytes pool was:
where E Drug represents the oxaliplatin cytotoxic effect and k tr is the first-order rate constant that quantifies the disappearance of megakaryocyte pool from the bone marrow. From [Prol] compartment, a maturation-structured cytokinetic model was used to describe the development and maturation of platelets in blood. Similar concept has been exploited to deal with the dynamics of neutrophils and red blood cells following the administration of pegfilgrastim and erythropoietin, respectively (31, 32) . Briefly, platelets are represented by a series of sequential aging compartments (N PLT ) with transition rates k tr . Circulating platelets are removed from blood by two main mechanisms: random destruction (quantified by the first-order elimination rate constant, k s ) and programmed cell death (quantified by platelet lifespan, which depends on k tr ). The differential equations governing the platelet dynamics model (Eqs. 2, and 3) were
where η was fixed to 4000 because each megakaryocyte releases approximately 4000 of platelets to the circulation (33) . N PLT was arbitrarily set to 5 in order to have a large enough number of compartments that result in a smoothed distribution of platelet lifespan (34) , which was calculated from the platelet amounts in each age compartment as a secondary parameter. At steady-state, before CRS, and in absence of transfusions, dProl/dt was equal to 0 and, therefore, k prol =k tr ; the amounts in each age compartment at baseline were PLT 0 /N PLT and the amount in Prol at baseline (Prol 0 ) was established to be Eq. 4:
A total of 5 (6.25%) out of 80 patients required platelet transfusions. This process was modeled as a bolus of platelet counts administered at the time of transfusion, and the remainder transfused platelet counts, TRF, were described according to Eq. 5:
where the amount of platelets administered via a bolus, TRF 0 , and the first-order elimination rate of the infused platelets, k t , were estimated directly from the data. The platelet counts measured (PLT) are the sum of the platelet counts in each age compartment plus the remainder amount of platelets transfused (Eq. 6):
The release of multiple inflammatory mediators after surgery stimulates megakaryocyte proliferation and differentiation which led to an increased platelet production (35, 36) . Therefore, CRS was assumed to increase k prol (Eq. 7):
where k prol 0 represents the corresponding first-order rate constant before the CRS, which starts at the time of surgery (t s ); SP max is the maximum stimulatory effect of the surgical stress on k prol ; and k p is the first-order rate constant driving the disappearance of the surgical stress effect on the k prol .
The oxaliplatin plasma concentrations were assumed to inhibit the mitosis rate of proliferative cells, k prol , according to a power function described in Eq. 8:
where α and β were the coefficient and the exponent of the power relationship between E Drug and C p , respectively, and C p was the oxaliplatin plasma concentration, obtained from the empirical Bayesian estimates of the individual pharmacokinetic parameters as described elsewhere (15, 19) . In subjects receiving HIO with no oxaliplatin concentrations available (n=9, 11.3%), typical values of pharmacokinetic parameters were assumed to predict time course of oxaliplatin plasma concentrations. The development of the PK/PD model was performed using a sequential process as described elsewhere (37) . During the model development process, linear or sigmoid functions of C p or the drug concentration in a hypothetical effect compartment (C e ) were also tested to describe the E Drug .
Thus, the structural model parameters estimated were the system-related parameters (PLT 0 , k tr , k s , and γ), the surgery-related parameters (SP max and k p ), and the drugrelated parameters (α and β), which were all restricted to be positive (>0).
Statistical Model. The interindividual variability (IIV) in the model parameters was assumed to follow a lognormal distribution, and an exponential error model was used. Residual variability in platelet counts was evaluated using an additive error model after natural logarithmic transformation of the observations and model predictions.
Model Selection Criteria. The improvement of the fit obtained for each nested model was assessed by the likelihood ratio test. The reduction in the IIV and residual variability, the precision and the correlation in parameter estimates, as well as the examination of diagnostic plots and shrinkage were used to evaluate each candidate model (38) .
Covariate Analysis. The covariates selected were age, body surface area (BSA), sex, total proteins, carrier solution, and splenectomy. The effect of these covariates on model parameters was explored following the forwardinclusion (p <0.05) and backward-elimination (p <0.01) process. Categorical covariates were incorporated into the model as index variables, whereas continuous covariates were evaluated using power equations after centering on the median.
Model Qualification. >Four complementary methods were employed to evaluate the model developed: nonparametric bootstrap (39) , normalized prediction distribution errors (NPDE) (40, 41) , prediction-corrected visual predictive check (pcVPC) (42) , and numerical predictive check (NPC) (43) . The NPDE distribution was explored by a frequency histogram, summary statistics stratified by cohort, and scatterplots versus the population prediction and time. The pcVPC displayed the 5 th , 50 th , and 95 th percentiles of the observed values, and the 95% confidence interval for the corresponding model-based predicted percentiles computed from 1000 Monte Carlo replicates, obtained by simulating the design of the underlying dataset with the final model parameters. The NPCs were conducted for the incidence and the mean platelet counts of patients with thrombocytopenia grade ≥3 (platelet counts <50×10 9 /L) and thrombocytosis grade ≥3 (platelet counts >700×10 9 /L), stratified by cohort and the significant covariates finally included in the model.
Model-Based Simulations.
A sensitivity analysis was undertaken in order to explore the surgery-related parameter effect on the platelet dynamics in patients treated with CRS and HIO at 200 mg/L during 30 min. Arbitrary values of ±25% and ±50% variation from the estimated surgery-related model parameter value were used. Deterministic simulations were also undertaken in order to explore the role of the HIO dose (or initial oxaliplatin peritoneal concentration), treatment duration, and carrier solution on the time course of the platelet counts. Stochastic simulations were conducted to establish the relationship between dose (or initial oxaliplatin peritoneal concentrations) and the incidence of thrombocytopenia and thrombocytosis grade ≥3 and determine the projected maximum tolerated HIO dose. For a range of initial oxaliplatin concentrations in the peritoneum spanning from 0 to 400 mg/L, the daily platelet counts were simulated for two different HIO durations (30 and 60 min), and the incidence of thrombocytopenia and thrombocytosis grade ≥3 was computed for HIO treatments administered with icodextrin 4% or dextrose 5%. For each scenario, data for 2000 virtual patients were simulated.
RESULTS
A total of 1386 platelet counts were included in the analysis dataset. The time course of the platelet counts displayed a signature pattern. The mean and the coefficient of variation (CV%) of the platelet counts before CRS was 269×10 9 /L (43.2%). Around 7 days after CRS, platelet counts decreased until a nadir value of 148×10 9 /L (58.9%). Then, platelet counts increase up to 391×10 9 /L (53.2%) approximately 25 days after the CRS. The platelet count peak in patients undergoing splenectomy, 440 × 10 9 /L (51.1%), was significantly higher than that in patients without splenectomy, 338 × 10 9 /L (55.3%) (p = 0.032). Finally, the platelet counts returned to the baseline values approximately 50 days after CRS.
The inclusion of a time-independent surgical stress effect on the k prol provided a substantial decrease in the minimum value of objective function (ΔMOFV) (ΔMOFV=−183.76). The response to the surgical stress is associated with the liberation of multiple inflammatory mediators, which transiently stimulate extra cell divisions in the proliferating compartment. During the resolution of inflammation, the mediators which initiated the response must somehow be removed, inactivated, or otherwise rendered impotent (44) . This process was characterized by modeling the disappearance of the surgical stress effect on the proliferation process through a first-order process, quantified by k p (ΔMOFV= −131.98). Additional model improvement was achieved by incorporating the transfusion effect as described in methods (ΔMOFV=−48.66). This three model improvements led to a 21.5% reduction in the residual variability. The surgical stress Fig. 1 . Schematic of the platelet dynamics model effect on k s was also tested but did not result in further model improvement. Attempts to simplify the model by assuming k tr equaled to k s lead to a substantial increased in the MOFV (44.24) , the interindividual variability in model parameters (from 4.3% to 14%) and the residual variability (5% higher). Similarly, no improvement of the model fit was achieved by adding an effect compartment or modeling E Drug as a linear function of the C p . Moreover, E max or sigmoid E max models for E Drug did not converge successfully, probably because the E max was not achieved within the range of C p evaluated and the low incidence of severe thrombocytopenia observed. Therefore, a power function of C p was selected to characterize the E Drug model.
The exploratory graphical analysis of the correlation between age, BSA, sex, total proteins, and carrier solution with PD model parameters did not suggest any statistically significant association, and, therefore, these covariates were not included in the platelet dynamics model. Nevertheless, the exploratory analysis revealed that splenectomy might have an effect on k s , which was confirmed by the inclusion of this categorical covariate in the model (ΔMOFV=−6.39, df=1, p=0.011). Splenectomy increased platelet lifespan from 3.23 to 7.78 days. The estimates of the final model parameters and the results of the nonparametric bootstrap analysis are presented in Table I .
The goodness-of-fit plots representing the observed platelet counts versus the population (Fig. 2a) and individual (Fig. 2b ) model predictions showed a normal random scatter around the identity line, indicating the absence of significant bias. Similarly, the distribution of conditional weighted residual (45) and NPDE as a function of the population predictions (Fig. 2c, d , respectively) and time (Fig. 2e, f 
The population estimates for the final model were very similar to the mean of the 76% bootstrap replicates that minimized successfully and were contained within the 95% bootstrapped confidence intervals. From 24 bootstrap replicates that did not converged, 20 were due to rounding errors and 4 of them were terminated due to proximity of the last iteration at which the objective function was infinite. The distribution of the parameter estimates across bootstrap replicates was similar between the replicates that minimized successfully and those that did not with a relative difference lower than 8%. This suggests that the covariance step failure could be related to the use of FOCE method, rather than PLT 0 baseline value of absolute platelet count, k tr platelet maturation rate constant, k s platelet random destruction rate constant, γ feedback effect on progenitor cell proliferation, TRF 0 amount of transfused platelets administered via a bolus, k t first-order elimination rate of the transfused platelets, ϕ splenectomy effect in k s , SP max maximum surgical stimulatory effect in k prol , k p first-order rate constant driving the disappearance of the surgical effect in k prol , α coefficient of the power relationship between the drug effect (E drug ) and the oxaliplatin peritoneal concentrations (C p ), β exponent of the power relationship between E drug and C p , ε residual variability a The shrinkage values (%) for PLT 0 , k tr , k s , k t ,, k p , α, and σ were 9.79, 16.4, 26.4, 77.4, 33.7, 40.3, and 12.5, respectively (38) b The covariance step failed. Therefore, RSE of platelet dynamics model parameters were obtained from the bootstrap analysis model over-parameterization or instability. The precision of the parameter estimates for the fixed effects was acceptable with relative standard errors (RSE) lower than 50%, except for k t which was 53.8%. This RSE was slightly higher because only 6.25% of the patients received a platelet transfusion. In addition, the precision for the random effect was also adequate with RSE ranging from 20.9% to 48.8%, except for ω k p . The precision for the ω k p was 60.5% is not surprising since the estimation of k p is really low (3.43 ×10 −3 /h) and therefore it is very difficult to estimate the individual parameter precisely. Furthermore, the exclusion of the variability term in k p resulted in an increase of MOFV (54.09), an increase in the other interindividual variability parameters ranging from 1.9% to 14.7% and a 3.8% increase in the residual variability. Therefore, the removal of this variability term was not finally considered.
The pcVPC (Fig. 3 , upper panels) evidenced that the model developed was appropriate to describe the time course CI confidence interval, NPDE normalized prediction distribution errors Fig. 2 . Goodness-of-fit plots for the platelet dynamics model of thrombocytopenia and subsequent thrombocytosis, and its variability in PC patients after CRS, with or without HIO administration, regardless of the carrier solution used (42) . Figure 3 shows the model ability to describe the individual time course of platelets for non-splenectomized (middle panels) and splenectomized (lower panels) patients randomly selected from the three cohorts of patients analyzed in this study. The NPC (Table II) qualifies the model to properly describe the incidence of thrombocytopenia and thrombocytosis grade ≥3, as well as the mean platelets counts in subjects with these toxicities in the three cohorts studied.
The PK/PD model properly characterizes the transient thrombocytopenia observed immediately after the CRS and HIO, the rebound phenomena characterized by a transient thrombocytosis achieved around 25 days after the CRS, and the subsequent return to baseline of the platelet counts (Fig. 4) . Each part of the platelet time course signature pattern is governed by different model parameters. The initial transient thrombocytopenia is due to the HIO effect in the bone marrow. During the first days after CRS, the elevated endogenous TPO concentration drives the feedback process, which contributes to further stimulate the megakaryocyte proliferation and differentiation. Around 7 days after the CRS, the platelet counts start to increase because the CRS effect becomes larger than the HIO effect on k prol , which ultimately leads to a delayed increase in platelet counts and thrombocytosis. The thrombocytosis severity is mainly determined by the parameter SP max (Fig. 4a) . The effect of k p in platelet count profile is similar, but of opposite magnitude, than that described by SP max . Thus, higher values of k p are related to a rapid attenuation of CRS effect on k prol , which leads the platelet counts to return to baseline values earlier (Fig. 4c) . The effect of the two surgery-related parameters on the shape of the platelet count profile in patients who underwent splenectomy ( Fig. 4b-d) is similar to the effect observed in patients who did not have splenectomy. However, for a given change in the surgery-specific parameter, the magnitude of the difference in the platelet count profile is larger in splenectomized patients, relative to non-splenectomized patients. This phenomenon is due to the 47.5% reduction in k s (or 2.1-fold increase in platelet lifespan) in splenectomized patients, which leads to a lower platelet nadir, higher platelet peak, and longer time to reach platelet nadir and peak in splenectomized patients, relative to non-splenectomized patients. These results are consistent with the physiological role of the spleen, which governs the platelet senescence and random removal from the circulation.
Deterministic simulations clearly show that the main determinants of the thrombocytopenia severity and duration are the initial HIO concentration in the peritoneum, the treatment duration, and the splenectomy procedure (Fig. 5) . The carrier solution effect was negligible when describing the thrombocytopenia severity and the duration caused by HIO. For example, the nadir of platelet counts in non-splenectomized patients following CRS and 30-min HIO administration of 100, 200, and 400 mg/L with dextrose 5% was 156, 99.9, and 55.4× 10 9 /L, respectively. If the HIO duration was maintained during 60-min, these values were reduced to 122, 26.9, and 8.24×10 9 /L, respectively. The nadir values determined in the splenectomized patients were higher than those in non-splenectomized patients. For example, the nadir of platelet counts in splenectomized patients after CRS and 30-min HIO administration of 100, 200, and 400 mg/L with dextrose 5% was 192, 137, and 84.7×10 9 /L, Fig. 3 . Prediction-corrected visual predictive check (upper panels), and representative individual time course of platelet counts and the corresponding model predictions for non-splenectomized (middle panels) and splenectomized patients (lower panels) stratified by cohort respectively. If the HIO duration was prolonged to 60-min, these values decreased to 159, 44.7, and 14.7×10 9 /L, respectively. These results are encouraging because probably higher HIO doses could be used in splenectomized patients without increasing the risk of hematological toxicity, which is reversible and short-lasting.
A 30-min HIO administration of 270 or 320 mg/L diluted in dextrose 5% leads to approximately 33% incidence of thrombocytopenia grade ≥3 in splenectomized or nonsplenectomized patients, respectively (Fig. 6, upper panels) . If the treatment duration is extended to 60-min, the initial HIO concentration should be reduced by 60% to achieve similar incidence of thrombocytopenia grade ≥3, regardless of the splenectomy. Moreover, if instead of using dextrose 5% as carrier solution, an isotonic icodextrin 4% solution is employed, the initial HIO concentrations should be increased by 10% or 12% for a HIO duration treatment of 30 or 60 min, respectively, in order to obtain similar incidence to that obtained with dextrose 5%, regardless of the presence or absence of the splenectomy.
While the HIO duration and the carrier solution have a minor impact on the incidence of thrombocytosis grade ≥3 (Fig. 6, lower panels) , the presence of splenectomy and the initial oxaliplatin concentration in the peritoneum determine this toxicity. The splenectomized patients had a slightly higher risk of severe thrombocytosis than those who did not undergo splenectomy. Taking as reference a 30-min HIO administered with dextrose 5%, the absolute difference in the incidence of thrombocytosis grade ≥3 due to the splenectomy ranges from 2.0% to 10.1% across the oxaliplatin concentrations in the peritoneum evaluated. If the initial HIO concentration in the peritoneum increased from 0 to 500 mg/L, the incidence of thrombocytosis grade ≥3 will decrease by 4.0% or 9.6% in splenectomized or nonsplenectomized patients, respectively.
DISCUSSION
The majority of the side effects of CRS with or without HIO are related to the surgical tumor debulking procedure itself. The most common complications following CRS are postoperative hemorrhage, blood clot formation, anastomotic dehiscence, intestinal perforation, wound complications and infections, among others. The combination of HIO with CRS comes with an increased risk of the surgical complications and chemotherapy induced toxicity. These may include hematological toxicity, peripheral neuropathy, nephrotoxicty, nausea, and vomiting which are related to the antineoplastic nature of oxaliplatin. Except the hematological toxicities, the toxicities observed in the cohorts investigated in the current analysis were very similar to those observed in the literature, and there were no major differences in toxicity or post morbidity complications between cohorts analyzed. However, this finding should be considered with caution because the small sample size across cohorts precludes any formal statistical comparison.
Thrombocytopenia and neutropenia are the main doselimiting hematological toxicities related with oxaliplatin Fig. 4 . Influence of surgery-specific parameters SP max and k p on platelet profiles intravenous treatment. Since the evaluation of neutropenia during the treatment with HIO after CRS in carcinomatosis patients has been previously described (19) , we now aimed to describe the relationship between HIO pharmacokinetics and the time course of the platelet counts in the same target population for the first time. In this context, we have extended the cytokinetic model previously developed by Harker et al. (29) , to properly characterize the transient thrombocytopenia and subsequent thrombocytosis induced by CRS and HIO treatment.
Under normal circumstances, platelet follows an orderly maturation and progression from the bone marrow to the circulatory system; however, both, CRS and HIO modify the normal homeostasis of platelets. HIO induces an acuteimmediate thrombocytopenia due to the oxaliplatin myelosuppressive effect, while CRS leads to a postoperative thrombocytosis response due to an increased platelet production (19, 40) . These processes have been successfully accounted for in the PK/PD model and allows to get better understanding of the platelet dynamics in patients with CRS with or without HIO.
A few hours after the HIO administration, the platelet counts start to decline reaching a nadir at a median of the 7 days after CRS, similar to the value reported by Canda et al. (46) . Oxaliplatin suppresses bone marrow function by a direct apoptotic effect on the megakaryocytic progenitors (21) . The HIO-induced thrombocytopenia may potentially lead to acute bleeding events during the first days after the CRS and HIO treatment. The relationship between C p and the bone marrow suppression was quantified in the PKPD model by a power function ( Table I ), suggesting that oxaliplatin thrombocytopenic effects is about 13-fold more potent than its neutropenic effect (19) .
Two different mechanisms may explain the platelet count rebound subsequent to the platelet nadir. Firstly, a feedback mechanism on k prol accounts for the physiological response to an acute decrease in platelet counts and c-mpl receptors caused by HIO (47) . Since fewer TPO binding sites are available due to the low number of platelet counts induced by HIO, TPO increases and stimulates the proliferation of precursor cell, which ultimately will result in thrombocytosis (48) . The magnitude of this feedback mechanism (0.621) is higher than the values reported in the literature for other anticancer agents (range 0.135 to 0.233) (49, 52) , probably because, after a major surgery, there is a further increase in circulating TPO due to its release from activated platelets (35) .
Secondly, CRS was also assumed to increase k prol because the surgical stress is associated with the liberation of multiple inflammatory mediators like leukotriene B4, complement component C5a, interleukin-16, TNF α , and G-CSF, which upregulate precursor cell proliferation (36, 50) . These cytokines were able to increase by 2.09-fold the megakaryocyte proliferation rate, which is close to the value (51) . Both, the feedback mechanism and the surgical stress contributed to a slow delayed increase in platelet production, which became apparent at least, 7 days after CRS and leads to platelet count peaks around the 25th day after CRS. Subsequently, platelet counts return to baseline values by day 50 (48) , which is consistent with the half-life (8.42 days) associated to the attenuation of the surgery effect on precursor cells.
With respect to other parameters, the estimation of PLT 0 before CRS was 237×10 9 /L (32.9%) which is consistent with physiologic platelet values (52, 53) . The total amount of platelet transfused to these patients resulted in an increase in platelet counts of 255×10 9 /L, which were eliminated from systemic circulation with a relatively short half-life of 6.66 h and, in some cases, require additional transfusion within 3-4 days, if thrombocytopenia still persists. This finding should be interpreted with caution given the limited number of patients who received transfusions.
A total of 37.5% of the patients were splenectomized and, on average, had a 2.1-fold increase in platelet counts relative to non-splenectomized patients (Fig. 3) . Literature data suggest that splenectomy is associated with a 1.3-to 2.6-fold increase in platelet counts in the postoperative period (54, 55 ). An estimated 47.5% reduction in k s suggested that the platelet lifespan increased from 3.23 days in nonsplenectomized patients to 7.78 days in splenectomized patients. The estimates of platelet lifespan in nonsplenectomized patients were lower than values previously reported, which ranged from 6 to 9 days in the absence of any surgical procedure (29, 49, 56) . This difference is probably due to the increase in platelet destruction and consumption associated with the aggressive CRS treatment.
The four complementary methods used to evaluate the predictive performance of the platelet dynamics model showed the precision of the NONMEM parameter estimates was acceptable and the model developed was suitable to describe the thrombocytopenia and thrombocytosis events caused by CRS and HIO, as well as the time course of platelet counts and its associated variability. This successful model qualification suggests that the severity and duration of thrombocytopenia and subsequent thrombocytosis can be predicted in PC patients treated with CRS and HIO. Therefore, simulations were undertaken to explore the relationship between the HIO dose and the incidence of severe thrombocytopenia and thrombocytosis in both splenectomized and non-splenectomized patients, stratified by the treatment duration and carrier solution.
Deterministic simulations revealed that HIO induced a reversible and short-lasting thrombocytopenia, which is largely dependent on the dose administered (or the initial HIO concentration in the peritoneum) and the treatment duration. Figure 5 shows that increasing the initial HIO concentration in the peritoneum and/or extending the HIO Fig. 6 . Effect of initial oxaliplatin concentrations in the peritoneum, treatment duration, and carrier solution in the incidence of thrombocytopenia and thrombocytosis in non-splenectomized and splenectomized patients duration leads to a greater fluctuation in platelet counts and, consequently, increases the likelihood of severe thrombocytopenia. Model-based stochastic simulations also indicated that it is possible to reduce the thrombocytopenia incidence and severity by using treatment regimens with shorter HIO durations, while the overall dose administered (and the initial HIO concentration in the peritoneum) remains the same.
As previously described, icodextrin 4% is an isotonic high molecular weight solution widely used for peritoneal dialysis that has also been employed as carrier solution for HIO. Isotonic high molecular weight solutions, such as icodextrin, are not absorbed, maintain the intraperitoneal fluid volume longer, and reduced the amount of oxaliplatin absorbed from the peritoneum cavity into the plasma. Consequently, icodextrin 4% provides a slight reduction in the incidence and severity of thrombocytopenia with respect to other isotonic carrier solutions like dextrose 5% (14, 56) . However, for a given HIO dose and carrier solution (dextrose 5% or icodextrin 4%), extending the duration from 30 to 60 min was associated with a 1.5-to 3.4-fold increase in the risk of thrombocytopenia grade ≥3. As a consequence of the nonlinear drug effect, an approximate 32.5% or 80.4% decrease in the platelet counts at the 10 th day after CRS is predicted per each 100 mg/L increase in the initial HIO concentration for 30 or 60 min of treatment, regardless of the carrier solution.
Qualitatively, the results of the simulation exercise emphasized the relative importance of the HIO dose, treatment duration, carrier solution, as well as splenectomy effect on the incidence of severe thrombocytopenia. However, generalization of these quantitative results should be done with caution, due to the semi-mechanistic nature of the platelet dynamics model developed, the range of doses evaluated, the limited number of patients, and the specific characteristics of this complex treatment in our center. These circumstances per se demand further model evaluation in additional studies.
In summary, the time course of platelet counts was well characterized by the model developed, which simultaneously accounts for the acute-immediate thrombocytopenia response induced by the CRS and the HIO effects in bone marrow, as well as the subsequent thrombocytosis due to the natural defense mechanism to prevent major bleedings. This model suggests that, following CRS and HIO, thrombocytopenia and thrombocytosis were reversible and short-lasting. The severity of the thrombocytopenia and thrombocytosis were inversely correlated, with splenectomized patients having thrombocytopenia of lower severity and thrombocytosis of higher severity. The HIO dose and treatment duration determine the severity and duration of the thrombocytopenia, which is the HIO dose-limiting toxicity. Relative to the HIO dosing regimens used up to date, higher HIO dose or longer duration of HIO treatment could be used to treat PC patients, especially in splenectomized patients, without substantially increasing the risk of major hematological toxicity.
